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Abstract: Many studies on ecosystem resilience often lack sufficiently long time scales to determine potential cycles of 
landscape response. In this paper we review some examples on how palaeoecology has provided an important aid to 
modern ecology in understanding ecosystem resilience. We focus some of these ideas on two Holocene sites from 
Southern Spain (Zoñar and Gádor) where current plant diversity is very high. Both sites presented resilient pattern at 
centennial and millennial time scales with several stable phases. Vegetation in Zoñar proved to be very sensitive to 
environmental changes, especially moisture availability while forest in Gádor responded elastically to fire and drought to 
a threshold level when the forest recede to a more open landscape. We conclude that any serious attempt to understand 
ecosystem resilience should include the long-term perspective. 
Keywords: Palaeoecology, landscape dynamics, biodiversity, Holocene, palynological methods, Iberian Peninsula. 
INTRODUCTION 
 The ability of ecosystems to absorb disturbances, to be 
changed and then to re-organise and still have the same 
identity, retaining the same basic structure and ways of 
functioning (Resilience Alliance, 2009), is the definition of 
resilience and it is one of the key concepts of modern 
ecology (Holling, 1986). This notion is becoming of great 
relevance as international concern increases about global 
change and the cascade response it may provoke upon the 
biosphere. 
 Most of the studies dealing with the resilient response of 
ecosystems are made from the neontological perspective, 
which precludes the use of pre-instrumental time scales  
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(Arnan et al., 2007; Elmqvist et al., 2003; Ludwig et al., 
1997; Válega et al., 2008). This implies that potential cycles 
defining the thresholds of a system may not ever be totally 
disclosed and researchers have to contend with results 
truncated by the short term approach (Redman and Kinzig, 
2003). This is partially due to the lack of interdisciplinary 
projects aiming to the holistic conception of ecosystems 
dynamics and the difficulty of defining concepts such as 
stable ecosystem and equilibrium dynamics. Understandably, 
cross-discipline studies demand a greater investment, both in 
funding and human resources, and the definition of a new 
glossary accessible to several disciplines within natural 
sciences and beyond them when social scientists are 
involved.  
 The need to understand past environmental fluctuations 
to improve our knowledge on the current global change, 
biodiversity management and conservation has been widely 
acknowledged (e.g. Birks et al., 2003; Oldfield, 2005; Tinner 
and Ammann, 2005; Dearing et al., 2006). Assessing the 
impact of climate change on biodiversity is difficult because 
changes occur slowly and effects of climate change interact 
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with other stress factors already imposed on the environ-
ment. 
 As the long-term approach is implicit to palaeoecological 
and archaeological methods, past landscape response to 
disturbance and resilient patterns can be revealed. These 
disciplines have already been proved useful in determining 
ecosystems dynamics under disturbance regimes, both 
human and naturally driven (e.g. Birks, 1996; Godwin, 1956; 
Carrión, 2002; Virah-Sawmy et al., 2009; Willis et al., 2005; 
Willis and Birks, 2006; amongst many others) but they are 
still much required in biodiversity hot-spots. In these regions 
there is an urgent need for estimating ecosystem func-
tionality, response and resilience under disturbance. This 
might be the case of Mediterranean Iberia, whose great 
biodiversity represents ca. 83 per cent of the European flora 
(ten thousand out of the twelve thousand species identified in 
Europe) and fourteen percent of the plant species found here 
are endemic to the region (Rey Benayas et al., 2002).  
 This article briefly reviews examples of palaeoecological 
research used to understand resilience patterns and it shows 
its potential with reference to the Iberian Peninsula.  
 Connecting the terms of resilience and stability to those 
of long-term ecology demands a definition of how we 
understand these concepts. Hence we will explore different 
Nature models describing a variety of systems and we will 
define the main palynological working hypothesis, setting 
the frame in which our review is elaborated. Since the focus 
of this paper is mainly on vegetation dynamics reconstructed 
from fossil pollen records, we will interchangeably use the 
terms palaeoecology and palaeopalynology. We discuss 
possible interdisciplinary approaches to the investigation of  
 
ecosystem resilience through the analyses of two records 
from southern Iberia. 
ECOLOGICAL THEORY: RESILIENCE AND STABI-
LITY UNDERSTOOD AS NATURE METAPHORS 
 There is a great variety of definitions for terms like 
resilience and stability in the ecological literature (e.g. 
Holling, 1986; McCann, 2000; Moore, 2005). This range of 
interpretations has led to different views on ecosystem 
functioning with subsequent policies for nature management 
based on those assumptions. These different views on nature 
have been described by Holling et al. (2002) as nature myths 
or metaphors. These models help us to understand the 
patterns and processes in different systems, being all of them 
only partially true. Nature flat (Table 1) describes a system 
in which there are few or no forces affecting stability, the 
processes that influence the position of the ball are totally 
random and there are no clear feedbacks from nature after 
disturbance. Nature balanced exists at or near equilibrium 
which can be static or dynamic. Hence if the system is 
disturbed it will return to an equilibrium through a negative 
feedback, thus this is the view of fixed carrying capacities 
for animals and humans, underpinning logistic growth. In 
Nature resilient we observe multistable states some of which 
become irreversible traps while others become natural 
alternating states that are experienced as part of the internal 
dynamics. This dynamics results from cycles organized by 
fundamentally discontinuous events and nonlinear processes. 
There are periods of exponential change, periods of growing 
stasis, periods of collapse and readjustment and periods of 
reorganization. Instabilities would organize the system as 
much as stabilities do.  
Table 1. Nature metaphors defined by Holling et al. (2002). In Nature flat the ball’s position is determined by random or stochastic 
factors so there is no feedback establishing stable states. Thus the ball can be moved in all directions stochastically 
amongst different statuses that are never the same. In Nature balanced, the ball is in a static or dynamic equilibrium so if 
the system is disturbed, and the ball gets out of the pocket, it will only go back to equilibrium through a negative 
feedback. In Nature resilient several stable states exist so the ball alternates through several states that are experienced as 
part of the internal dynamics. This is the case of the hyperbolic processes where the system’s ascent is inevitably followed 
by a descent moved by internal dynamics. Alternatively the system will need an exogenous input to move back to a 
pocket, to the flat area or to start the hyperbolic process 
 
 Stability Processes Depiction of myth 
Metaphor Trajectory 
Nature flat None Stochastic 
 
Nature 
balanced 
Globally stable Negative feedback 
 
Nature resilient Multiple stable states Exogenous input and internal feedback 
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 It is important to recall that these metaphors are mutually 
complimentary and none of them is essentially right or 
wrong. They are rather incomplete perspectives of a spatial 
and time-hierarchical reality. 
 In the context of these metaphors our understanding of 
resilience not only refers to the ability of an ecosystem to 
recover after an impact, but also to the ability to learn from 
the disturbance, i.e. to reorganize in a way that buffers future 
disturbances. A resilient system is forgiving of external 
shocks (Holling et al., 2002; Resilience Alliance, 2009) and 
as resilience declines the magnitude of a shock from which it 
cannot recover gets smaller and smaller. 
 A key question regarding ecosystem resilient response is 
to what extent the ecological baselines are recovered, or to 
what extent the system is stable. Ecological baselines in a 
system are arduous to define as the initial identity of it is 
always self-history dependent, i.e. community composition, 
ecosystem services, ? and ? diversity are conditioned by 
previous phases of the system. Thus assessing the status of a 
particular ecosystem requires the long-term ecology study of 
it and here is where palaeoecological studies might be used 
as a useful approach.  
 The stability concept refers to the tendency of a system to 
return to a position of equilibrium when disturbed, where 
equilibrium in a mechanical system is defined when the 
forces acting on it are in balance. This “balance”, when 
applied to ecosystems, usually refers to steady flows of 
energy and materials, rather than to a system whose 
components do not change (Ludwig et al., 1997). Thus, in 
systems with multiple stable states, where the dynamics are 
organized by non-linear processes, there will be phases of 
constant change, readjustment or collapse and periods of 
reorganization (see Resilient Nature, Table 1), where both 
kind of periods define the system’s behaviour as much as the 
stable phases. These systems with several stable states have 
been often described from the control theory perspective, as 
system with hysteresis, where non-linear responses trigger 
abrupt changes from one stable state to the next (Janssen and 
Scheffer, 2004; Válega et al., 2008).  
 Bearing this background in mind, and from the practical 
perspective, we will consider resilient behaviour if vegeta-
tion is able to recover a former state after disturbance, where 
functionality is somehow restored after a reorganization 
period. This functionality is focused on regaining important 
ecosystem characteristics; floristic composition, species 
richness and biomass (Carpenter et al., 2001; Redman and 
Kinzig, 2003). When the disturbance crosses a certain 
threshold it may lead to an irreversible response such as 
species extinctions.  
 Our assumption on how to interpret resilience is as 
arguable as how to measure and characterize stability. This is 
one of the long-lasting debates in theoretical and applied 
ecology as it has been traditionally linked to increasing 
diversity (MacArthur, 1972; Huston, 1997; May, 1973). 
However, a growing number of studies in the last decade 
indicate that, if true, the positive correlation between 
diversity and stability does not necessarily imply a causal 
relationship between them (McCann, 2000; May and 
McLean, 2007). An experimental approach is needed to 
determine whether stability of an ecosystem is dependent 
upon its diversity or whether these are correlated but merely 
coincidental events (Ives and Carpenter, 2007). 
ILUSTRATING RESILIENCE IN PALAEORECORDS: 
LINKING PALYNOLOGY TO THEORETICAL 
MODELS 
 The growing number of palaeoecologists researching on 
ecosystem’s functionality at different time scales has helped 
to develop our understanding of resilient patterns and long-
term vegetation responses in various regions. These studies 
are mainly focused on vegetation reconstruction and have 
tried to overcome the traditional assumptions of palynology 
(Mazier et al., 2006; Sugita, 2007b; Sugita, 2007a; Kunes et 
al., 2008; Cañellas-Boltà et al., 2009; Gosling et al., 2009; 
Pelánková & Chytr?, 2009), frequently expressed as 
limitations (Sugita, 1994; Davis, 2000; Broström et al., 
2008; Bunting et al., 2004; Gaillard et al., 2008), where 
pollen productivity and the spatial pattern of pollen source is 
often unknown.  
 In the next lines we explain how some of these studies 
have defined very relevant ecosystem features at long-term 
scales. We have chosen some examples where the authors 
originally aimed to answer ecological questions in different 
ecosystems worldwide. These are just some of the very many 
palaeoenvironmental studies proposing that stochastic, 
complex, resilient responses over longer time scales defined 
much of the current ecosystem’s behaviour. As for the 
Iberian cases, we revisit two examples of late Holocene 
vegetation change, raising different issues regarding 
resilience and thresholds to illustrate the potential insight of 
palaeoecological studies in modern ecological questions in 
Mediterranean Iberia. We have chosen two palaeorecords in 
Southern Iberia as this is one of the largest European plant 
diversity hotspots (Blondel and Aronson, 1999) and it also 
presents a long-term human agency (Sánchez-Quirante, 
1998). 
Identifying Disturbance, Assessing Biodiversity and 
Testing Equilibrium Theory 
 The late Holocene record of Lake Erhai, in SW China 
(Dearing, 2008), is a good example of threshold response 
and disturbance recognition within the frame of a resilient 
nature. Dearing presents a three thousand multiproxy record 
where Monsoon intensity, forest cover, flood intensity and 
gullying are reconstructed using isotopic composition of 
speleothemes, fossil pollen contents, magnetic susceptibility 
and sand fraction. The palaeoenvironmental and documen-
tary records from Erhai suggest different and complex 
associations through time between a number of human, 
climate and landscape processes. In order to reveal these 
relationships Dearing plots phase diagrams for the climatic 
disturbances (Moonson and flooding) versus the landscape 
consequences (forest cover and soil erosion). While the 
direct analyses of the proxies suggest fairly smooth 
relationship between vegetation and disturbance, the phase 
diagrams showed a threshold response and alternative steady 
states at different periods during the last three thousand 
years. This resilient response would have been otherwise 
impossible to identify without the long-term perspective.  
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 In a similar research carried out by Virah-Sawmy et al. 
(2009), resilience of an endangered sector of Madagascar’s 
littoral forest is assessed using biodiversity changes and 
community fluctuations in a 6500 years multi-proxy record 
(fossil pollen, diatoms and charcoal). The authors found that 
marine transgressions, drought and agriculture activated 
abrupt, but differently intense, threshold responses which 
promoted new forest states, similar to those found today. 
This study highlights the need of palaeoecological research 
in order to test current stability of, presumably, well 
preserved environments. 
 Long-term ecology is also a valuable tool for the study of 
ecosystems traditionally discussed in the context of 
equilibrium and non-equilibrium theories (DeAngelis and 
Waterhouse, 1987) as savanna environments (Sankaran et 
al., 2005 amongst many others). The coexistence of trees and 
grasses as a two-layer system in savannas has been explained 
using various mechanisms as main controls under the prism 
of equilibrium theoried. Time series analyses on the pollen 
and charcoal studied by Gillson (2004) on a 1500 years 
record from Tsavo National Park (South Kenya) suggested 
that state- and- transition dynamics and cyclic phases of tree 
abundance of near 250–500 years shaped the savanna rather 
than a unique controlling factor. Thus savanna in that region 
is determined, at least locally, by non-equlibrium dynamics 
and fluctuation between tree and grass-dominated landscapes 
might be tuned by threshold rather than monotonic responses 
to disturbance. This is very relevant for rangeland ecologist 
as prediction of tree recruitment and bush encroachment 
would be potentially possible under stochastic and non-
equlibrium models than under equilibrium theories. 
THRESHOLD RESPONSE TO ARIDITY AND 
STABILITY CYCLES AT MILLENNIAL TIME-
SCALES 
 Despite the considerable amount of palaeoenvironmental 
sequences in the Iberian Peninsula (Martinez Atienza, 1999; 
Red Paleodiversitas, 2009) virtually none have been used by 
ecologists, biodiversity managers and National Park autho-
rities in order to assess the vegetation response to distur-
bance. However as new protected areas are planned in the 
Iberian Peninsula, and the existing ones may need to be 
updated, palaeoecological methods would help managing 
 
Fig. (1). Location map for the Iberian Peninsula sites mentioned in this paper.  
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current land use by defining baseline ecological conditions, 
so a more efficient monitoring, supervision and landscape 
managing would be possible.  
 Moreover, Mediterranean Iberia is a very sensitive region 
to global change, and deep changes in the climatic regime 
are expected by 2070 (Solomon et al., 2007). Future climate 
change predictions suggest that there will be a doubling of 
the probability of sever drought. Physical properties suggest 
that increased storm events would result in higher runoff 
rates as well. Hence, looking at landscape adaptation and 
biodiversity changes over time would be also helpful for 
global change impact simulations. 
 We have chosen two records from southern Mediterra-
nean Iberia for our analyses: Zoñar and Gádor. These are 
especially good records for the purposes of our study since 
Zoñar is a multi-proxy based evidence, offering subrogate 
evidences to vegetation change and Gádor presents a well 
preserved micro- charcoal record and a long-term history of 
human agency.  
The Zoñar Record 
 Zoñar is a relatively small lake in southern Córdoba (Fig. 
1) where sedimentological, mineralogical, geochemical and 
biological proxies are available from a sedimentary record at 
centennial to decadal scale, which covers the last four 
thousand years (Valero-Garcés et al., 2006; Martin-Puertas 
et al., 2008). Combining information from all these sources 
has allowed reconstruction of hydrological evolution of 
Zoñar Lake during the Late Holocene (Martín-Puertas et al., 
2008) (Fig. 2).  
 Our main interest is to understand how plant diversity has 
responded to drier phases during the late Holocene (last 
10000 years). In order to do so we performed detrended 
correspondence analysis (DCA) on the pollen samples in a 
section of the Zoñar record (between 250 and 3000 cal years 
BP as the sediment proved to be polliniferous only in that 
section of the core. The DCA plot obtained (Fig. 3) shows 
most trees (mainly mesophytes and phreatophytes but also 
evergreen Quercus) grouped together with lower values in 
 
Fig. (2). Synthetic percentage pollen diagrams for A. Zoñar (300 masl) and B. Gádor (1530 masl) records. Horizontal dashed boxes 
correspond to increasing (red) or decreasing (grey) values in diversity at both sites. Lake level reconstruction of Zoñar Lake is an estimated 
curve based on combination of paleohydrological information from sedimentological, geochemical and biological indicators. Brown and 
light blue horizontal bars in Zoñar correspond to low and high lake levels respectively. See text for pollen diversity and vegetation dynamics 
explanation. 
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Axis 1 while those indicating landscape openness (and 
relatively drier conditions as Juniperus) presented higher 
values in  the same axis. We  interpret  axis 1 therefore  as an  
openness index, where higher values would indicate 
declining forest cover, while the opposite is expected when 
the axis 1 values are lower. When the samples factor scores 
 
Fig. (3). DCA plots for Zoñar (top) and Gádor (bottom) pollen assemblages. The orange circle in Zoñar includes taxa indicating aridity or 
landscape opening while in Gádor it includes besides indicator of human activity. Green circles include in both cases most of the trees (see 
text for interpretation). 
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are plotted in the pollen diagram (Fig. 2) we observe that 
open landscape phases often concurred with low lake levels, 
indicating a relatively rapid vegetation response to 
hydrological changes. This is particularly true during the 
humid phase in the Iberian Roman Humid Period (IRHP) 
between 2.6 and 1.6 cal Kyr BP, where tree cover rapidly 
increased at the onset of the humid phase and decreased 
during a dry pulse during that phase (ca.2.1-1.8 cal Kyr BP). 
Zoñar’s vegetation proved to be very responsive to drier 
conditions, with an immediate response to changing moisture 
availability. These fluctuations did not end collapsing the 
system though, as forest cover re-expand after 1.8 cal Kyr 
BP forced by environmental drivers.  
 For investigating Zoñar’s stability we estimated pollen 
diversity over time using rarefaction analyses. The pollen 
sample richness can give a measure of floristic richness, 
which indeed provides an indication of the landscape’s plant 
diversity. Consequently, the number of pollen types in a 
sample provides the simplest measure of taxonomic richness. 
However, this approach is not exempt of problems as the 
number of pollen types in fossil samples depends on the 
sample size and pollen counts in a set of fossil samples are 
rarely of the same size (Odgaard, 1999; Odgaard, 2001). 
Thus, if the counting effort is not similar, comparison of 
richness among different samples will not be valid. One 
solution would be to use indices that are not dependent on 
the sample size or standardizing the sample size by any 
method (Hurlbert, 1971; Heck et al., 1975). Currently the 
most used method to estimate fossil records’ pollen diversity 
is rarefaction analysis. This standardizes sample size and 
does not consider abundances of different pollen types (Birks 
and Line, 1992; Foote, 1992). 
 The analysis of rarefaction allows the estimation of 
palynological richness [E(Tn)] that would be obtained if the 
counts of the different samples had the same size. In 
addition, it is one of the simplest methods to calculate the 
diversity of the fossil record (Seppä, 1997; Birks and Line, 
1992) (see more on additional material). The diversity curve 
for Zoñar (Fig. 2) shows that abrupt richness changes are not 
linearly linked to the major hydrological fluctuations. Thus, 
as available moisture increased from 3 to 2.6 cal Kyr BP, 
pollen richness initially increased, followed by a rapid 
decline until ca. 2.1 cal Kyr BP, when a new rise in richness 
corresponds to a rapid fluctuation towards drier conditions. 
This pattern is observed in successive hydrological changes; 
every abrupt change in the lake level is linked to a change in 
pollen richness. Regardless the direction of the hydrological 
variation, biodiversity seems very sensitive as changes in the 
moisture availability may lead to the expansion of new taxa, 
or to those that were outcompeted during the preceding 
hydrological conditions, as it may provoke the loss of some 
other taxa. Hence a climatic change would have initially 
provoked a diversity increment linked to the appearance of 
pioneering species that would have been outcompeted by 
others if climate conditions remain constant.  
 Linear correlation was calculated between the charcoal 
area and the most relevant taxa, including the richness curve. 
Charcoal area is a measure of fire activity estimated from 
charcoal particles smaller than 150 microns (Higuera et al., 
2008; Tinner and Hu, 2003; Brunelle et al., 2005; Whitlock 
et al., 2003). No significant relationship was found, however 
fire activity generally increased during the dry periods 
without appearing to promote variations in the plant richness. 
Fire activity could have not reached a critical threshold to 
radically change diversity, or could have acted preserving the 
existing diversity being this formed by fire prone taxa 
(Pistacia, Ericaceae, or Chenopodiaceae). 
 In the context of the nature metaphors defined at the 
beginning, Zoñar’s landscape between ca. 3.3 cal Kyr BP 
and 740 BP could correspond to a resilient Nature where 
several multiple stable states can be identified. Every 
perturbation promotes an alteration in the system’s diversity 
and landscape structure but it ultimately leads to a new state 
which will remain until a new threshold is crossed, triggering 
the change.  
The Gador Record 
 The site of Gádor lies at high altitude (ca. 2000 m.a.s.l) 
surrounded by arid and semi-arid depressions near Sierra 
Nevada, in southern Spain (Fig. 1). This is currently a 
treeless area that had a much more forested past during the 
Mid-Holocene, as deduced from a six thousand years pollen 
and charcoal record (Carrión et al., 2003) (Fig. 2). It is also 
an area where human activities have been evident since the 
Neolithic (7.4-5.7 cal Kyr BP) and where fire has had a 
determining role in shaping vegetation at millennial time 
scales (Carrión et al., 2007; Sánchez-Quirante, 1998).  
 Similarly to Zoñar, we would need to understand how 
sensitive vegetation has been over time to disturbance and to 
what extent there is a resilient pattern in the vegetation 
response.  
 DCA was performed on the 192 samples forming the 
Gádor pollen record, between ca. 6.8 and 1.1 cal Kyr BP. We 
found that axis 1 (Fig. 3) plots with higher values taxa either 
linked to human activities such as Castanea, Olea and 
Plantago or to drier climatic conditions, as Ephedra and 
Chenopodiaceae. Lower values in axis 1 correspond to either 
arboreal taxa (Pinus, deciduous Quercus) or Mediterranean 
shrubs (Pistacia, Chamaerops). We therefore interpret axis 1 
as a human activity-degradation gradient, where samples 
with higher values would point to increasing human agency.  
 Rarefaction analyses were carried out on the Gádor data 
obtaining a curve of pollen richness variation presented in 
Fig. (2).  
 Interestingly, the DCA plot for the Gádor record samples, 
which have been joined with a line in Fig. (4), show a linear 
trend where every of the four group of samples presents a 
different composition from the next and the previous groups 
in axis 1 and 2. Despite different sample number (23 in 
Zoñar versus 97 in Gádor), this is relevant as Zoñar samples 
showed similar pollen compositions with very little 
variation, while Gádor presents four main phases with 
different compositions, where there is no return to any 
previous landscape composition. This might be related to the 
fact that the Gádor record presents a clearer trend towards 
landscape opening at millennial scales. This tendency does 
not seem to revert to more forested landscapes at any 
particular time. Response to environmental change in Gádor 
has probably been as fast as in Zoñar but likely more linear 
than in the latter. Comparison between the two sites should 
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be taken though with care as Gádor records ca. five thousand 
years and Zoñar near two thousand.  
 Interestingly Pinus and evergreen Quercus in Gádor 
experienced several phases of expansion and contraction 
 
Fig. (4). DCA plots for Zoñar (top) and Gádor (bottom) pollen samples. The samples have been joined with a line and the oldest and 
youngest samples appear indicated with a circle and square respectively (see text for interpretation). 
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within the declining forest trend. Successive, abrupt pine and 
evergreen oak forest expansion and reduction were very 
likely induced by increasing dry conditions between 4.6 and 
2 cal Kyr BP as arid pulses from 4.2 cal Kyr BP have been 
widely described in Southern Spain (Martín-Puertas, 2008, 
Carrión et al., 2007, Carrión et al., in press). Drier conditions 
would have probably triggered intense fire activity as 
illustrated by increasing xerophyte and charcoal abundance 
(Fig. 2). Human agency cannot be disregarded as the taxa 
associated with human pressure (e.g. Sordiaraceae) increased 
from that time (ca. 4.8 cal Kyr BP), however we lack in this 
case any other subrogate environmental evidence to our 
pollen diagram in order to provide more definitive evidence 
of human activity. 
 Rather than analyzing the driving factor for the change, 
we focused our interpretation on the almost three thousand 
years of resilient response of pines and evergreen oaks. 
While deciduous oak basically collapsed during the drier 
phases, both Pinus and evergreen Quercus responded 
elastically to a certain threshold that allowed them to spread 
between ca. 2 and 1.7 cal Kyr BP. The accumulated effect of 
disturbance at millennial scales, concurrent with increasing 
pastoral activities (indicated by the abundance of 
Sordiaraceae, Riccia, Polygonun aviculare and thorny scrub) 
would have crossed the resilient threshold ca. 1.7 cal Kyr. 
BP, promoting then an eventual landscape opening. 
 The pollen diversity curve shows an interesting pattern as 
the maximum richness is found when the tree cover shrinks, 
as drought and human action intensifies. This could be 
partially due to pollen identification issues as several species 
are included under every tree pollen type while different 
genus of herbs can be classified and consequently the 
richness would increase when open landscapes appear. 
Alternatively, this pattern would agree with intermediate 
disturbance hypothesis (Grime, 1973) by which local species 
diversity tends to be maximal at an intermediate level of 
disturbance. If either drought or human pressure would 
become too intense only the most stress-resistant pollen 
species would have remained, which is probably not the case 
for most trees. Nevertheless, this hypothesis entails a number 
of assumptions (as vegetation patched in clusters) that we 
cannot infer from pollen records alone.  
 Gádor record evidences several stable phases but within a 
more obvious linear trend towards arid conditions and 
therefore a more arid-prone vegetation. The three thousand 
years fluctuating response of pines and oaks probably 
conditioned the surrounding plant assemblage response and 
it is worth wondering whether the system’s functionality 
would have been maintained after every disturbance, or 
whether it adapted to new conditions with a progressive 
diversity enhancement.  
 Gádor mid-Holocene record would represent a bi-stable 
system with a more or less forested landscape that responds 
linearly to aridity. This would correspond with the balanced 
Nature metaphor, where only an external negative feedback 
could revert to a more forest landscape. We are aware 
though, that downscaling to a narrower time frame in the 
sequence, we would probably find a similar pattern to the 
one in Zoñar, with less variability in pollen composition 
from sample to sample. This highlights the need to compare 
similar time scales in order to withdraw regional conclusions 
about resilient patterns. 
CONCLUSIONS AND FUTURE PERSPECTIVES  
 This paper outlines some of the ecological questions 
regarding ecosystem resilience and stability where palaeo-
ecological studies would be most helpful. Through the 
exposition of Holling’s Nature metaphors to understand 
ecosystem dynamics we have defined a theoretical frame in 
which resilient systems present several stable states that 
result from cycles organized by discontinuous events and 
nonlinear processes. 
 Within that frame we have provided some examples from 
different regions of the world where long-term ecology has 
been proved very useful defining biodiversity patterns, 
threshold response to disturbance and to test equilibrium 
theories.  
 Biodiversity changes and multivariate analyses have been 
used in two late Holocene Southern Iberian sites (Zoñar and 
Gádor) in order to define ecosystem functioning and resilient 
responses at long-term time scales. We found that:  
• Zoñar lake vegetation does not present an obvious linear 
trend for the time period analyzed (between ca 3.3 Kyr 
BP and 700 BP).  
• Zoñar shows a resilient pattern as disturbance promotes 
an alteration in the system’s diversity and landscape 
structure but it ultimately leads to a new state which will 
remain until a new threshold is crossed. 
• Alternative dry and wet spells in Zoñar provoked a very 
active response from vegetation which responded very 
rapidly to the environmental change recovering soon 
afterwards. 
• The Gádor record also shows several stable phases but 
these are less evident than the more obvious linear trend 
towards arid conditions that started at ca. 6 Kyr BP and 
conditioned a more arid-prone, open vegetation. 
• Gádor presented an important pine and evergreen oak 
forest elasticity to the long term joint action of 
increasing aridity and fire activity for more than three 
millennia. 
• The plant diversity curve in the Gádor record increases 
when the landscape is open agreeing with the 
intermediate disturbance hypothesis by which local 
species diversity tends to be maximal at an intermediate 
level of disturbance. 
 Plant diversity trends in both sites seem to correspond to 
changes in disturbance although in the case of Zoñar these 
are not directional as drought sometimes provoked rising 
diversity values and other it reduced the plant richness. 
Conversely in Gádor, intermediate disturbance levels seemed 
to be linked to increasing diversity although more studies on 
pollen taphonomy, deposition and calibration are needed.  
 Palaeocological studies aiming to understand resilience 
in the long-term are far from common and collaborative 
research will undoubtedly boost the results as several 
different proxies can be produced and more questions can be 
answered. It is also essential to determine more precisely the 
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time interval in which the vegetation response is expected as 
it sets the landscape’s resilience ability. Stronger chrono-
logies are therefore needed, combined with higher resolution 
reconstructions for particular time periods.  
ACKNOWLEDGEMENTS 
 G. Gil-Romera is funded by the AHRC (UK) under its 
‘Landscape and Environment Programme’ (award no. A/H 
E510590/1) and by the Spanish Ministry of Science and 
Innovation through the “Juan de la Cierva” program. This 
research has been partially funded by the projects CGL-
2006-2956-BOS, IBERVELD, CALIBRE CGL2006-13327-
C04-01 and HAR2008-06477-C03-03/HIST from Ministerio 
de Ciencia e Innovación (Spain); CSD2007-00058 and 
GRACCIE CSD2007-00067 from Consolider Program of the 
Ministerio de Ciencia e Innovación (Spain), and 
ECOCHANCE and Paleodiversitas Network from Fundación 
Séneca (Murcia, Spain). We are also indebted to Dr. Blas 
Valero-Garcés (IPE-CSIC) and Dr. Mª Pilar Mata 
(University of Cádiz) for data discussion in Zoñar sequence. 
Dr. Sarah J. Davies is thanked for reviewing an earlier 
version of this paper. The authors would like to thank the 
Resilience Alliance for the great amount of information 
available in their website and Prof. Steven Holland 
(University of Georgia) for providing the software Analytic 
Rarefaction 1.3.  
SUPPLEMENTARY MATERIAL 
 Supplementary material is available on the publishers 
Web site along with the published article. 
REFERENCES 
Arnan, X, Rodrigo, A & Retana, J (2007) Post-fire regeneration of 
Mediterranean plant communities at a regional scale is dependent 
on vegetation type and dryness. Journal of Vegetation Science, 18, 
111-22. 
Birks, HJB (1996) Contributions of Quaternary Palaeoecology to Nature 
Conservation. Journal of Vegetation Science, 7, 89-98. 
Birks, HJB & Line, JM (1992) The use of rarefaction analysis for estimating 
palynological richness from Quaternary pollen-analytical data. The 
Holocene, 2, 1-10. 
Birks, HJB, Mackay, A, Battarbee, RW, Birks, J & Oldfield, F (2003) 
Quantitative palaeoenvironmental reconstructions from Holocene 
biological data. Global change in the Holocene. London, Arnold 
107-23. 
Blondel, J & Aronson, J (1999) Biology and Wildlife in the Mediterranean 
Region., Oxford: Oxford University Press. 
Broström, A, Nielsen, AB, Gaillard, MJ, Hjelle, KL, Mazier, F, Binney, H, 
Bunting, MJ, Fyfe, R, Duffin, K, Meltsov, V, Poska, A, Räsänen, 
S, Soepboer, W, von Stedingk, H, Suutari, H & Sugita, S (2008) 
Pollen productivity estimates of key European plant taxa for 
quantitative reconstruction of past vegetation a review. Vegetation 
History & Archaeobotany, 17, 461-78. 
Brunelle, A, Whitlock, C, Bartlein, P & Kipfmueller, K (2005) Holocene 
fire and vegetation along environmental gradients in the Northern 
Rocky Mountains. Quaternary Science Reviews, 24, 2281-300. 
Bunting, MJ, Gaillard, MJ, Sugita, S, Middleton, R & Brostrom, A (2004) 
Vegetation structure and pollen source area. The Holocene, 14, 
651-60. 
Carpenter, S, Walker, B, Anderies, JM & Abel, N (2001) From Metaphor to 
Measurement: Resilience of What to What? Ecosystems, 4, 765-81. 
Cañellas-Boltà, N, Rull, V, Vigo, J, Mercadé, A (2009) Modern pollen—
vegetation relationships along an altitudinal transect in the central 
Pyrenees (southwestern Europe). The Holocene, 19, 1185-1200. 
Carrión, JS (2002) Patterns and processes of Late Quaternary environmental 
change in a montane region of southwestern Europe. Quaternary 
Science Reviews, 21, 2047-66. 
Carrión, JS, Fernández, S, Jiménez-Moreno, G, Fauquette, S, Gil-Romera, 
G, González-Sampériz, P & Finlayson, C. (In Press) The historical 
origins of aridity and vegetation degradation in southeastern Spain. 
Journal of Arid Environments. 
Carrión, JS, Fuentes, N, González-Sampériz, P, Sánchez Quirante, L, 
Finlayson, JC, Fernández, S & Andrade, A (2007) Holocene 
environmental change in a montane region of southern Europe with 
a long history of human settlement. Quaternary Science Reviews, 
26, 1455-75. 
Carrión, JS, Sánchez-Gomez, P, Mota, JF, Yll, R & Chain, C (2003) 
Holocene vegetation dynamics, fire and grazing in the Sierra de 
Gador, southern Spain. The Holocene, 13, 839-49. 
Davis, MB (2000) Palynology after Y2K—Understanding the Source Area 
of Pollen in Sediments. Annual Review of Earth and Planetary 
Sciences, 28, 1-18. 
DeAngelis, DL & Waterhouse, JC (1987) Equilibrium and Nonequilibrium 
Concepts in Ecological Models. Ecological Monographs, 57, 1-21. 
Dearing, J, Battarbee, R, Dikau, R, Larocque, I & Oldfield, F (2006) 
Human–environment interactions: learning from the past. Regional 
Environmental Change, 6, 1-16. 
Dearing, JA (2008) Landscape change and resilience theory: a 
palaeoenvironmental assessment from Yunnan, SW China. The 
Holocene, 18, 117-27. 
Elmqvist, T, Folke, C, Nystrom, M, Peterson, G, Bengtsson, J, Walker, B & 
Norberg, J (2003) Response diversity, ecosystem change, and 
resilience. Frontiers in Ecology and the Environment, 1, 488-94. 
Foote, M (1992) Rarefaction analysis of morphological and taxonomic 
diversity. Paleobiology, 18, 1-16. 
Gaillard, MJ, Sugita, S, Bunting, MJ, Middleton, R, Broström, A, Caseldine, 
C, Giesecke, T, Hellman, S, Hicks, S, Hjelle, K, Langdon, C, 
Nielsen, AB, Poska, A, Von Stedingk, H & Veski, Sam, a. P. 
(2008) The use of modelling and simulation approach in 
reconstructing past landscapes from fossil pollen data: a review and 
results from the POLLANDCAL network. Vegetation History & 
Archaeobotany, 17, 419-43. 
Gillson, L (2004) Testing non-equilibrium theories in savannas: 1400 years 
of vegetation change in Tsavo National Park, Kenya. Ecological 
Complexity, 1, 281-98. 
Godwin, H (1956) The History of the British Flora: A Factual Basis for 
Phytogeography. Cambridge: Cambridge University Press. 
Gosling, WD, Hanselman, JA, Knox, C, Valencia, BG & Bush, MB (2009) 
Long term drivers of change in Polylepis woodland distribution in 
the central Andes. Journal of Vegetation Science, doi: 
10.1111/j.1654-1103 2009.01102.x. 
Grime, JP (1973) Competitive exclusion in herbaceous vegetation. Nature, 
242, 344-47. 
Heck, KL, Jr., Belle, Gv & Simberloff, D (1975) Explicit calculation of the 
rarefaction diversity measurement and the determination of 
sufficient sample size. Ecology, 56, 1459-61. 
Higuera, PE, Brubaker, LB, Anderson, PM, Brown, TA, Kennedy, AT & 
Hu, FS (2008) Frequent fires in ancient shrub tundra: implications 
of paleorecords for arctic environmental change. PLoS ONE, 3, 
e0001744. 
Holling, CS (1986) The Resilience of Terrestrial Ecosystems: Local 
Surprise and Global Change. In: Clark, WCM, Munn, RE. (Eds.) 
Sustainable Development of the Biosphere. Cambridge: Cambridge 
University Press 292-320. 
Holling, CS, Gunderson, L & Ludwig, D (2002) In quest of a theory of 
adaptive change. In: Gunderson, L & Holling, CS (Eds.) Panarchy: 
understanding transformations in human and natural systems. 
Washington DC: Island Press 3-24. 
Hurlbert, S (1971) The nonconcept of species diversity: a critique and 
alternative parameters. Ecology, 52, 577-86. 
Huston, MA (1997) Hidden treatments in ecological experiments: re-
evaluating the ecosystem function of biodiversity. Oecologia, 110, 
449-60. 
Ives, AR & Carpenter, SR (2007) Stability and Diversity of Ecosystems. 
Science, 317, 58-62. 
Janssen, MA & Scheffer, M (2004) Overexploitation of renewable resources 
by ancient societies and the role of sunk-cost effects. Ecology and 
Society, 9(1), 15. 
Kune?, P, Pelánková, B, Chytr?, M, Jankovská, V, Pokorn?, P & Libor, P 
(2008) Interpretation of the last-glacial vegetation of eastern-
Long-term Resilience in Western Mediterranean The Open Ecology Journal, 2010, Volume 3    53 
central Europe using modern analogues from southern Siberia. 
Journal of Biogeography, 35, 2223-36.  
Ludwig, D, Walker, B & Holling, CS (1997) Sustainability, stability, and 
resilience. Conservation Ecology, 1, 7. 
MacArthur, R (1972) Geographical ecology, New York: Harper and Row. 
Martin-Puertas, C, Valero-Garces, BL, Pilar Mata, M, Gonzalez-Samperiz, 
P, Bao, R, Moreno, A & Stefanova, V (2008) Arid and humid 
phases in southern Spain during the last 4000 years: the Zonar Lake 
record, Cordoba. The Holocene, 18, 907-21. 
Martínez Atienza, F (1999) Bibliografía (1945-1998) paleopolínica del 
Holoceno Ibérico. Boletín de la Real Sociedad Española de 
Historia Natural (Sección Biológica), 95, 5-30. 
May, R (1973) Stability and complexity in model ecosystems. Princeton: 
Princeton University Press. 
May, R & McLean, A (2007) Theoretical Ecology: Principles and 
Applications, Oxford: Oxford University Press. 
Mazier, F, Galop, D, Brun, C & Buttler, A (2006) Modern pollen 
assemblages from grazedvegetation in the western Pyrenees, 
France: a numerical tool for more precise reconstruction of past 
cultural landscapes. The Holocene, 16, 91-103. 
McCann, KS (2000) The diversity-stability debate. Nature, 405, 228-33. 
Moore, PD (2005) Roots of stability. Nature, 437, 959-61. 
Odgaard, BV (1999) Fossil pollen as a record of past biodiversity. Journal 
of Biogeography 26, 7-17. 
Odgaard, BV (2001) Palaeoecological perspectives on pattern and process in 
plant diversity and distribution adjustments: a comment on recent 
developments. Diversity and Distributions, 7, 197-201. 
Oldfield, F (2005) Environmental Change: Key issues and Alternative 
Approaches, Cambridge: Cambridge University Press  
Pelánková, B, Chytr?, M (2009) Surface pollen–vegetation relationships in 
the forest-steppe, taiga and tundra landscapes of the Russian Altai 
Mountains. Review of Palaeobotany and Palynology, 157, 253-65. 
Red Paleodiversitas (2009a). http://www.paleodiversitas.org/ 
Redman, CL & Kinzig, AP (2003) Resilience of past landscapes: resilience 
theory, society, and the longue durée. Conservation Ecology 7, 14. 
Resilience Alliance (2009b). http://www.resalliance.org/1.php 
Rey Benayas, JM, Scheiner, SM & Franklin, J (2002) Plant diversity, 
biogeography and environment in Iberia: Patterns and possible 
causal factors. Journal of Vegetation Science, 13, 245-58. 
Sánchez-Quirante, L (1998) Historia. In: Rodríguez-Sánchez, JA (Ed.) Guía 
para conocer y visitar el Parque Natural de la Sierra de Baza. 
Baza, Granada, Asociación Proyecto Sierra de Baza 141-48. 
Sankaran, M, Hanan, NP, Scholes, RJ, Ratnam, J, Augustine, DJ, Cade, BS, 
Gignoux, J, Higgins, SI, Le Roux, X, Ludwig, F, Ardo, J, 
Banyikwa, F, Bronn, A, Bucini, G, Caylor, KK, Coughenour, MB, 
Diouf, A, Ekaya, W, Feral, CJ, February, EC, Frost, PGH, 
Hiernaux, P, Hrabar, H, Metzger, KL, Prins, HHT, Ringrose, S, 
Sea, W, Tews, J, Worden, J & Zambatis, N (2005) Determinants of 
woody cover in African savannas. Nature, 438, 846-49. 
Seppä, H (1997) The long-term development of urban vegetation in 
Helsinki, Finland: a pollen diagram from Töölönlahti. Vegetation 
History and Archaeobotany, 6, 91-103. 
Solomon, S, Qin, Manning, M, Chen, Z, Marquis, M, Averyt, KB, Tignor, 
M & Miller, HL (Eds.) (2007) Contribution of Working Group I to 
the Fourth Assessment Report of the Intergovernmental Panel on 
Climate Change. Cambridge: Cambridge University Press. 
Sugita, S (1994) Pollen representation of vegetation in quaternary 
sediments: theory and method in patchy vegetation. Journal of 
Ecology, 82, 881-97. 
Sugita, S (2007a) Theory of quantitative reconstruction of vegetation II: all 
you need is LOVE. The Holocene, 17, 243-57. 
Sugita, S (2007b) Theory of quantitative reconstruction of vegetation. I: 
Pollen from large lakes REVEALS regional vegetation 
composition. The Holocene, 17, 229-41. 
Tinner, W & Ammann, B (2005) Long-term responses of mountain 
ecosystems to environmental changes: resilience, adjustment, and 
vulnerability. In: Huber, UM, Bugmann, H & Reasoner, M (Eds.) 
Global change and mountain research - state of knowledge 
overview. Dodrecht: Springer 133-44. 
Tinner, W & Hu, FS (2003) Size parameters, size-class distribution and 
area-number relationship of microscopic charcoal:relevance for fire 
reconstruction. The Holocene, 13, 499-505. 
Válega, M, Lillebø, AI, Pereira, ME, Duarte, AC & Pardal, MA (2008) 
Long-term effects of mercury in a salt marsh: Hysteresis in the 
distribution of vegetation following recovery from contamination. 
Chemosphere, 71, 765-72. 
Valero-Garcés, BL, González-Sampériz, P, Navas, A, Machín, J, Mata, P, 
Delgado-Huertas, A, Bao, R, Moreno, Carrión, JS, Schwalb & 
González-Barrios, A (2006) Human Impact since Medieval times 
and Recent Ecological Restoration in a Mediterranean Lake: The 
Laguna Zoñar (Spain). Journal of Paleolimnology, 35, 441-65. 
Virah-Sawmy, M, Willis, K & Gillson, L (2009) Threshold response of 
Madagascar's littoral forest to sea-level rise. Global Ecology and 
Biogeography, 18, 98-110. 
Whitlock, C, Shafer, SL & Marlon, J (2003) The role of climate and 
vegetation change in shaping past and future fire regimes in the 
northwestern US and the implications for ecosystem management 
9. Forest Ecology and Management, 178, 5-21. 
Willis, KJ & Birks, HJB (2006) What Is Natural? The need for a long-term 
perspective in biodiversity conservation. Science, 314, 1261-65. 
Willis, KJ, Gillson, L, Brncic, TM & Figueroa-Rangel, BL (2005) Providing 
baselines for biodiversity measurement. Trends in Ecology & 
Evolution, 20, 107-8. 
 
Received: October 07, 2009 Revised: January 11, 2010  Accepted: January 13, 2010 
 
© Gil-Romera et al.; Licensee Bentham Open. 
 
This is an open access article licensed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-
nc/3.0/), which permits unrestricted, non-commercial use, distribution & reproduction in any medium, provided the work is properly cited. 
 
 
